This work examines the correlations between quality factor (Q) and piezoresistive gain due to variations in the compliance of T-shaped tethers that provide support for square-plate resonators. Intuitively, increased compliance in the tethers should lead to higher Q while weakening the piezoresistive gain, thus presenting an apparent tradeoff between Q and piezoresistive gain. On the contrary, our measurement results here suggest that neither Q nor the piezoresistive gain follow a simple increasing or decreasing function with the tether's compliance. In fact, Q and piezoresistive gain exhibit similar trends between each other for varying tether compliance, with each approaching approximately the same optima for different tether compliances. These empirical observations agree well with finite element (FE) analyses using COMSOL.
Introduction
Bulk mode microresonators have been shown to be capable of exhibiting ultra-high Q (>1,000,000) [1] . A high Q is desirable for low phase noise oscillators and high selectivity filters. Together with their CMOS compatibility, these features make microresonators desirable candidates to be the building blocks for multi-band, high-capacity communication systems. Another issue concerning MEMS resonator design is realizing efficient electromechanical coupling. It has been shown that piezoresistive sensing provides substantially higher electromechanical coupling over conventional capacitive sensing [2] . By exploiting the piezoresistive property inherent in silicon, the piezoresistors can be built into the structure at points of maximum stress. For example, the T-shaped tethers at each corner of a square-extensional (SE) mode resonator ( Fig. 1 (a) ) are subjected to axial stress as the plate vibrates and thus be used as piezoresistors Available online at www.sciencedirect.com [3] . In this work, 4 resonators of the same length ( m) with T-shaped tethers of different lengths were fabricated on the same die using a standard SOI MEMS process to assess their impact on both Q and the piezoresistive gain. The variations between the tether lengths are referenced to a standard tether length of as shown in the optical micrographs taken for the fabricated device ( Fig. 1(b) ). When a drain voltage (V d ) is applied, a modulated AC current will be generated due to the resonance of the resonator body. The transconductance of the piezoresistive response can be calculated by [2] :
dR/R is the fractional variance compared to overall resistance; I d is drain current, which equals to V d /R; The resonant frequency is decided by the dimensions of the square structure as well as the resonant mode of the resonator. For an SE mode resonator, the resonant frequency is given analytically by:
L is the width of the square resonator; E and are the Young's modulus and density respectively; v is the Poisson's ratio. calculated to be 12.14MHz. We previously showed that varying the tether's compliance had a significant impact on both the resonator frequency and Q of the resonator [4] . What remains unknown is the impact of these variations on the piezoresistive gain and possible correlations with Q, which we examined in this work.
Measurement Results
The devices were characterized in a cryogenic probe station with GSG probes at about 0.5mTorr using a one-port transduction scheme as shown in Fig. 2 (a) . By applying a drain current through the resonator (including the tethers), modulation of resistance in the tethers produces a motional current. The measured electrical transmission de-embedded from feedthrough is shown in Fig. 2 (b) . Fig. 3 (a) shows the measured resonant frequency (5mA drain currents applied) for different tether lengths together with FE simulated predictions. The simulations are well able capture the changes in resonant frequency with varying tether length. The extracted Q without and with a drain current applied for different tethers are shown in Fig. 3 (b) . It can be seen that at 5mA, the injection of a drain current has little effect on Q. Since the transconductance of the device is dependent on Q, we normalized it by Q to obtain the piezoresistive gain for each resonator (Fig.4 (a) ). It can be seen from Figs 3 (b) and4 (a) that both Q and piezoresistive gain are neither simple increasing nor decreasing functions of the tether length. In fact, Q and piezoresistive gain are found to be positively rather than negatively correlated, leading to approximately the same optima. This trend agrees with FE analysis used to compute the displacement to stress conversion ratio ( ), which is given by the longitudinal stress across the cross section of the stem over the corresponding normalized side length displacement. To a first order approximation, this ratio is proportional to the piezoresistive gain. 
Conclusions
By examining the quality factor and piezoresistive gain with T-shaped tether variations in bulk mode microresonators, our measurement results have shown that Q and piezoresistive gain exhibit similar trends between each other for varying tether compliance, with each approaching approximately the same optima for different tether compliances. These empirical observations agree well with finite element (FE) analyses using COMSOL. These results indicate that for piezoresistive SE mode square plate resonators with T-shaped tethers, maximum Q and piezoresistive gain can be achieved at the same time rather than to be seen as opposing tradeoffs that present an optimization constraint.
